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Preparation and Stoichiometry Effects on Nilcrostructure

and Properties of High Purity BaTiO 3

43

A. K. Maurice and R. C. Buchanan

1. Introduction

Cormercial BaTiO 3 powders have traditionally been prepared by calcination

from oxide or carbonate precursors of Ba and Ti. However, precise control of

stoichlometry and powder characteristics is difficult to maintain by this

technique due to a lack of consistency in raw material sources and local

inhomogeneities arising from incomplete mixing and reaction of the constituents.

Also, the relatively high calcination temperatures (>900"C) needed for the

reaction to occur often result in the formation of coarse aggregates which can

be difficult to disperse or reduce during subsequent milling. These factors can

induce variations in powder characteristics which are then reflected in

microstructural Inhomogeneitles and lack of reproducibility in the dielectric

properties of the sintered ceramic.

In an effort to mitigate these effects, alternate methods of powder

synthesis have been developed and described by many authors. Typically, these

have involved coprecipitation from inorganic (nitrate, chloride, sulfate) or

organic (oxalate, citrate) salt solutions, from mixed alkoxide precursors or

from hydrothermal solutions. Typical starting materials and reaction sequences,

including calcination, are given in Table 1. As indicated, the coprecipitation

step is usually followed by relatively low temperature (250-750"C) decomposition

and calcination reactions to form the BaTiO compound. Both the oxalate and

3

hydrothermal processes show commnercial promise and are briefly described below.
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Formation of BaTIO 3 by thermal decomposition of oxalate precursors, as

described by Gallagher and Thompson, allows for more precise control of 9.

stoichiometry and purity. Although the product Is effectively formed by a solid

6state diffusion reaction between BaCO3 and TiO, the resulting particles are

much smaller since they are formed from crystallite sized precipitates. Lower

calcination temperatures can therefore be used, which results in the formation

of more reactive powders than those prepared by the conventional mixed oxide

7-9
technique. These desirable characteristics can, however, be dissipated by the

use of higher calcination temp ratures than needed in order to match the

processing characteristics of already established calcined powders.

Hydrothermal synthesis of polycrystalline BaTIO 3 involves dissolution of

barium hydroxide and titanium dioxide in a basic aqueous solvent followed by

application of heat (200-500"C) and pressure (160-1300 atm) In a closed vessel

for durations of 24-125 h."1 O Although very small particle sizes can be

obtained by this technique, stoichiometry is affected by the type and amount of

solvent used and can be difficult to control. The cost of these powders is,

therefore, comparatively high due to the long incubation periods which limit

throughput in small scale production. However, these disadvantages would

virtually disappear with large scale chemical synthesis to which the hydothermal

technique Is particularly well adapted, as for example in the production of

synthetic zeolites.

The size distribution and agglomerate structure of the starting powders

exercise an important influence on the microstructures achieved in BaTIO3. Hard

agglomerates must usually be eliminated in favor of softer, smaller and more

uniform agglomerate sizes in order to achieve uniform, homogeneous ...

microstructures.1 ,12  Discontinuous grain growth, which features the growth of
.

large, isolated and generally twinned grains in a matrix of fine grains, Is

common in titanate ceramics. Although high densities often accompany these

Iiil
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microstructures, the bimodal distribution of grain sizes results in

nonreproducibility of the dielectric properties at small ac fields, below the

Curie temperature!3 -1 5 The dielectric properties of sintered BaTi0 3, in fact,

exhibit a strong dependence on grain size. For grain sizes 11 m, anomalously

high room temperature permittivity values are obtained along with a general

broadening and flattening of the permittivity peak at the Curie temperature!
4

This has been attributed to the absence of 90" twinning within these grains,

giving rise to internal stresses and increased polarization at equivalent

applied field!6 The degree of 90' twinning increases with grain size and

results in decreased room temperature permittivity and the enhancement of the

permittivity peak at the Curie point. j
Impurity effects can also significantly affect both sintering behavior and

properties. When present, A1203 and SiO 2 impurities can contribute to liquid

phase formation in the grain boundaries and enhanced densification at the

sintering temperature. However, such nonstoichlometric boundaries represent an

electrically charged layer17 which influences grain growth and dielectric"-.-

behavior, especially since Al can act as an electron acceptor in BaTiO

The Ba:Ti ratio is another factor which has been shown to dramatically

influence microstuctural development in high purity BaTiQ3. Excess BaO
3'8

typically inhibits grain growth while excess TIO 2 enhances grain growth! In a

study involving small excess of Ba or TiO 2 (0.995<Ba:Ti(1.005), Sharma et al9!
9

reported a solubility limit of <0.1 mol% TiO in BaTiO with increased TiO 22 32
20resulting in formation of a Ba 6Ti 1040 second phase. Further increase in the

Ba:Ti ratio gave rise to increased closed porosity, changes in grain texture,

significantly finer grain sizes and precipitation of the barium orthotitanate

(Ba2 TiO 4 ) phase.

From the referenced work, it is evident that chemical preparation methods

significantly influence the purity, stoichiometry, particle size and surface

a°
I '



characteristics of the BaTiO 3 powders produced!'
3 '9 '2 3  These factors, in turn,

strongly influence the behavior of the powders during processing and also

determine the resultant microstructures and dielectric properties of the

sintered ceramic?4 The object of this study, therefore, was to characterize and

compare comnercially available BaTiO 3 powders prepared by different techniques

in order to establish the degree of interchangeability of the powders.

Ii. Experimental

The BaTIO 3 powders used in this study were cowercially available materials

which had been prepared by conventional calcination of oxides, by thermal

decomposition of oxalates and by hydrothermal synthesis. As-received lots of

mixed oxide and oxalate-derived powders had Ba:TI ratios of 0.997 and 1.002; a

stolchiometric mixture of each was obtained by combining appropriate amounts of

like powders within these ratios. The hydrothermally prepared powder had a

Ba:Ti ratio of 0.987.

The powders were characterized In terms of morphology, chemical purity,

surface area, particle size and crystallite structure. Morphology of the

as-received powders was determined with a [151 DS-130] Scanning Electron

Microscope. Crystallite sizes, lattice parameters and phase purity were

evaluated using a (Philips Norelco] diffractometer with filtered Cu-KOc radiation

at 25 kV and 10 mA filament current, at a scan rate of 1-4" 2e/min. Surface

areas were measured by a single point BET N2 adsorption technique using a

[Quantachrome Corp., Monosorb) Surface Area Analyzer. Powders were further

analyzed by optical emission spectroscopy, wet chemical analysis [Coors

Spectro-Chemical Laboratory] and x-ray fluorescence techniques to determine

impurity content and Ba:Ti ratios.

Processing of the powders involved wet milling for 4-12 h in polyethylene

jars using 7rO 2 media. A solution of 60/40 vol, isopropanol/water was found to

2"
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be an effective milling medium with "I wt% (Menhaden) fish oil as dispersant. A

binder solution, consisting of I wt% polyvinyl alcohol (PVA) and I wt% Cartowax.'"

4000 in water, was then added to the milled slurry and dispersed for an

additional 1.5 h. The slurries were spray-dried using a (BOchi 190) laboratory

spray drier and pellets 1.6 cm dia. and -O.3 cm thick were unfaxially pressed %

at 172 MPa. The pellets were sintered at 1300-1320C/1-2 h in air on ZrO 2

setters and were cooled to 1000C at 50"C/min followed by natural furnace

cooling to room temperature. 1
Densities of pressed and sintered compacts were measured geometrically and

by water Immersion technique, respectively. SEM analyses were carried out on

the pressed and sintered pellets with the grain sizes determined by a

line-intercept technique. Dielectric constant and dissipation factor were

measured using a capacitance bridge at different frequencies. Measurements were

also made under DC bias field to compare changes in capacitance and dissipation

factor under bias conditions?
5

Ill. Results and Discussion

Chemical impurities and stoichiometric ratios determined for the powders

used are listed in Table 2 while Table 3 compares the surface area, crystallite

sizes, particle size, x-ray diffraction and other pertinent data on the

characteristics of the as-received powders. The main impurities present in the

powders were Al203 and SiO 2, at somewhat higher concentration in the oxalate and

lowest in the hydrothermal sample. Impurity levels were not significantly

different for powders of different stoichiometric ratios. All samples contained

SrO (10.05 wt%), but this is soluble in the BaTiO 3 lattice and effects on the

dielectric properties are predictable.

Stoichiometric (Ba:Ti) ratios for the calcined and oxalate powders

(Table 2) were in the range of 0.997 to 1.002 and for the hydrothermal powder

p , ' °* .

*. . . . . .. . . . . .* ,-,..*--o
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the ratio was 0.987 with no excess TiO 2 detected as a second phase. As shown in

Table 3, crystallite sizes for the powders ranged from 016.0-26.0 nm and surface

areas from 2.3-35 m 2/g, in line with the average particle size values which

ranged from m0.7 pm for the hydrothermal to oI.50 pm for the calcined powder.

Unit cell lattice parameters, determined from x-ray diffraction analysis, and

calculated theoretical densities are also given in Table 3 for the three

powders, and agree with reported values for BaTiO 8,24,263.

Figure I shows SEM photomicrographs (12kX) of the three starting powders

(Ti excess) after dispersion by ball milling in the 60/40 alcohol/water medium,

as described. Distinct differences can be observed in the morphology,

agglomerate size and structure of the powders. Average agglomerate size for the

calcined powder was *1.5 Mm compared with w0.7 Mm for the oxalate and n0.9 Mm

for the hydrothermal powder. However, the agglomerate size distribution for the

calcined powder (Figure la) was relatively wide, in contrast to the more

narrowly distributed oxalate powder (Figure lb). Agglomerate size distribution

was intermediate for the hydrothermal powder (Figure Ic) and appeared to be

bimodal, but a distinct subagglomerate structure was also evident. Details of

this subagglomerate structure are compared for the different powders in the

higher magnification SEM photomicrographs (75kX) in Figure 2. The average

crystallite sizes determined from Figure 2 are given in Table 3. As seen, the

calcined agglomerates (Figure 2a) appear more compacted and dense compared to

the oxalate and hydrothermal powders (Figure 2b, 2c) in which the discrete

crystallites comprising the subagglomerate structure can be clearly

distinguished. This would imply the existence of softer agglomerates in the

oxalate and hydrothermal powders which, according to Reed et al! can be

considered as held together mainly by van der Waals bonding. In contrast,

chemical (diffusion) bonding is believed to predominate in the hard, denser

agglomerates 2 7 (Figure 2a). The difference noted above was similar for powders

.. . ..... - ., . .. .. . .. . . . . . .
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of different stoichiometric ratios, hence powder synthesis was the dominant

influence noted in shaping the morphology, particle size, agglomerate and

subagglomerate structure of the different starting powders.

Table 4 compares data for pressed density, fired density, linear shrinkage

and average bimodal grain size for the different powders and stoichiometric

(Ba:Ti) ratios, Differences between the calcined and oxalate samples could be

attributed mainly to the smaller size and higher reactivity of the oxalate

powders. For powders of equivalent stoichiometry, this resulted in lower

pressed but higher fired density and shrinkage for the latter. The hydrothermal

powder, because of its much smaller particle size and different agglomerate

characteristics, gave significantly lower pressed density but higher shrinkage

and fired density. Stoichiometric effects within powder types (calcined or

oxalate) on the pressed density was negligible. Differences were mainly

exhibited in decreasing density and grain size with increasing Ba:TI ratio, with

expected influences on the defect states
2 8

The effect of powder characteristics on the grain size and sintered

microstructures is illustrated in Figures 3 and 4 for the oxalate powders and in

Figures 5 and 6 for the calcined and hydrothermal powders, respectively. For

all the powders, the presence of discontinuous grain growth within a

!8,29fine-grained matrix was the dominant characteristic of the microstructures

Figure 3 compares the effect of stoichiometry on discontinuous grain growth

behavior for the 0.997 and 1.002 Ba:Ti ratio oxalate powders. The presence of

excess BaO (Figure 3b) was observed to substantially retard discontinuous grain

growth,2 as is evident from the grain size distribution in the SEM

photomicrographs of the "as fired" surfaces. Distribution of the grain

structure when viewed in polished cross section was similar but of lower

contrast. Figures 4a and 4b show details of the large grain structure for the

samples in Figure 3 with the fine structures being detailed in Figures 4c and

I..-
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4d. Interestingly, the fine grained matrix revealed only slight differences

between the two samples, both microstructures appearing dense, uniform and

similar in grain size. This would suggest that excess Ba inhibits mainly growth

of the large grains and might, therefore, be less effective where small,

uniform-sized particles are involved.

In contrast to the oxalate powders, the effect of stoichiometry on the

calcined powders showed significantly less growth inhibition with excess Ba, as

indicated in Figure 5, where the large grain development is seen to be almost

complete with only a relatively small volume concentration of small grains

remaining. This may be attributed, in part, to the higher firing temperature

used (1320"C/I h) to achieve equivalent densities, but since the observed trends

at 1300°C/2 h were similar, it seems evident that the expected stolchlometric

effects were suppressed by variations in processing of the initial powders.

Figure 6 shows the bimodal grain size distribution obtained with the

hydrothermal powder. The large grain volume was intermediate between the

calcined and oxalate derived powders but grain sizes (both coarse and fine) were

smaller. The fine grained matrix was again very uniform. Grain size data are

compared in Table 4 for all the samples and show the expected trend of

decreasing size with Increasing Ba:TI ratio for both the large and fine grains.

Figure 7 shows the effect of stoichiometry on the grain size and volume

percent coarse grain development in the sintered calcined and oxalate samples.

Growth rate of the large grains, as can be seen from the microstructures were

higher for the calcined samples at equivalent stoichiometry, reflecting the

wider particle size distribution in the initial powder. The observed growth I

rate was slowest in the hydrothermal sample attributable to the larger number of

coarse grains per unit volume.

Figure 8 compares dielectric constant behavior as a function of temperature

for the three different type powders with excess Ti (Ba:Ti ratio < 1.00). The

% .%

.*. . * . .
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data presented reflect the grain size distribution and microstructures described

for the different powders. For BaTiO 3, the increase in Curie peak height and

decrease in tetragonal phase permittivity below the Curie temperature with

increasing grain size has been attributed to the presence or absence of 90"

twinning. in fine grained ((lam) BaTt0 3 , 90" twins are absent, giving rise to

Internal stress as the ceramic is cooled through the Curie point. The twins

which occur in coarse grained BaTiO 3 relieve the stress and result in a ceramic

of lower dielectric constant!4' 16 Thus, for the hydrothermal samples,

dielectric constants were lower at 25"C but were sharply peaked at the Curie

temperature (u!25°C) reflecting the relatively high concentration of coarse

grains. The oxalate samples, in contrast, showed higher room temperature

dielectric constants but a relatively subdued Tc peak, attributed to the

presence of fewer coarse grains?9 The calcined samples gave the lowest

dielectric constants in agreement with the very large grains and relative

31paucity of small grains in the microstructure.

Dielectric constant and dissipation factor data as a function of BaTTI

ratio for the oxalate samples are given in Figure 9. The tetragonal phase

dielectric constant is seen to decrease with increasing Ba:Ti ratio, which

corresponded also to a decrease in density and grain size. Dissipation factor

losses were similar for all samples except above the Curie point where the loss

increased inversely with the grain size and density.9 Figure 10 shows dielectric

constant behavior as a function of stoichiometric BaTiO ratio for the calcined
3

powders. The dielectric properties were similar for all three ratios in line

with the close similarity of the microstructures. Figure 11 compares the

dielectric constant and loss tangent behavior for the hydrothermal samples at ..

1.0 and 10.0 kHz. Differences within this frequency range were minimal, and

this trend was noted also for the oxalate and calcined samples.

Comparison of the oxalate and calcined powders at equivalent stoichiometric

• . . . ,°. .o .• . . o -o , °',° '% - 9-'
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(Ba:TI) ratios showed agreement with the grain size distribution and trends

Indicated In Figure 7. Average grain sizes were large and of narrower II
distribution for the calcined samples as noted, hence the lower sensitivity in

dielectric properties with stolchlometric changes. The losses for the three

samples followed the expected grain size trends, higher losses being obtained in

the samples with the coarser grains.

The effect of dc bias field on the capacitance change (AC) as a function

of stolchiometry is shown in Figures 12a and 12b for the different samples. An

initial increase in capacitance for the calcined samples (Figure 12a) can be

attributed to increased polarization caused by domain rotation within the large

grains, since this behavior was not observed in any of the samples with average

grain size less than w25 um. The decrease in Incremental capacitance with

excess Ba content supports this view, since the presence of the large Ba2+ ions

as a grain boundary phase would tend to reduce grain size and twinning and also

to Increase the pore phase? 2 all deleterious to easy domain rotation. Each

sample showed a non-linear decrease in capacitance at bias fields greater than

w80 V/cm. This non-linearity has been explained in terms of an inducement of

non-ferroelectric states in the ferroelectric grains as a result of the bias -'7

field?4'32 Since the smaller grain sizes would be more resistant to this

phenomenon, reversal of the capacitance decrease at the higher fields again

takes place in the excess Ba samples. The smaller capacitance change with bias

field for the hydrothermal sample can plausibly be attributed to the higher

concentration of small grains.

Changes in dissipation factor with dc bias field for the different sintered

samples at 100 kHz are shown in Figure 13. Dissipation losses generally

increased with bias field, attributed to increased dc conduction and

polarization In the samples. Losses also Increased with grain size (excess

TIO 2) and density but the range in the calcined samples was narrower, reflecting

r7"o
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the narrower grain size distribution In these samples. This behavior can be i-0

explained In terms of the expected higher grain boundary phase and hence higher

Insulation resistance for the smaller grain size samples, aided also by the

small distributed porosity 3 The hydrothermal samples showed the lowest

dissipation loss behavior, again reflecting the smaller grain size and higher

grain boundary phase.

IV. Conclusions

1. Synthesis method and precursor origin were found to be the dominant

Influences on morphology, particle size, surface area, agglomerate and

sub-agglomerate structure in the commercial high purity BaTiO 3 powders studied.

2. The differences in powder characteristics resulted In significant variation

in microstructure, density, grain size distribution and dielectric properties of

the sintered BaTIO 3 samples.

3. Stoichiometry (Ba:Ti ratio) was also found to significantly influence grain

size development, porosity and dielectric properties, in agreement with previous

observations.

4. In view of the above, interchangeability of powders could not be achieved,

hence close control of all phases of powder preparation is indicated In order to

obtain reproducible microstructures in sintered BaTiO 3 .
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Table I

BaTlO3 Preparation Methods

1. Calcination of Carbonate and Oxide

BaCO3 + Ti 0 900-11000C >BaTiO3 + CO2

2. Oxalate Precursors

A) BaTi(C 04)2 4H 0--------- ) BaTfO(C 04) + 4H 0

B) BaTiO(C 204)2 + *0-2------ > BaCO3 + T10 2 + CO + 2C02

C) BaCO3 + TIO2  5-80 BaTIO + CO2

3. Hydrothermal Synthesis

Ba(OH)2 '81120 + TiO2- ---- -- > BaniG3

(200-500*C; 160-1300 atm; 60-125h; pH)7)

4. Alkoxide Precursors

A) TI(0C H )4 + Ba(O C H )-H 04+ 5H 0 ---- > Ti(OH)4 + Ba(OH)

(Butoxide) (Propionate) + 4(C 4H9OH) + 2(OC3H5OH)

>100 *C
B) Ti (OH)4 + Ba(OH)2  BaTIO3 + 3H 0

4 23
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Table 2

Typical Lot Analysis for Barb3 Powders

Constituents Cal ci ned Oxa late Hydrothermal

BaO 65.37 65.56 62.57

Ti2  34.25 34.25 34.25

SrO 0.02 0.01 0.05

ZrO - 0.01 0.02

SiO 2  0.01 0.05 0.01

A1203  0.02 0.08 0.01

Fe2O0 0.03 0.004

Nb 205  0.01 0.003

N 0.004 0.001 0.001

Mol Ratio 0.997 0.997 0.987

LOI 0.18% 0.22% 4.00%

TAM Ceramics, Inc., Nfagra Falls, New York 14305



17

Table 3

Characterization of BaTIO3  odr

Propert ies Cal ci ned Oxa late Hydrotherma I

Ba:Tl 0.997 1.002 0.991 1.002 0&987

a0,9 nan 0.4002 0.3982 0.4011 0.4012 0.4019

Cot nm 0.4047 0.4025 0.4033 0.4024 0.4040

c/a 1.011 1.011 1.006 1.003 1.005

3 -D X g/cm 5.964 6.074 5.957 5.986 5.884

Avg. Xtl.
Size, rn

XRD 24.9 24.9 25.5 25.7 22.6

SEM *22.5 m23.0 m20.0 *21.0 m16.5

Avg. PS, jim 1.50 1.45 0.96 0.91 0.68

SA, m /g
(BET) 2.30 2.36 3.52 3.40 34.5
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Table 4

Comiparison of BaTiO Powders Prepared by Different Techniques

Pressed Fired Linear Avg. Grain Size
SapeDensity Density Shrink. Fine Coarse

(Ba:Tf) (%ThD) (%ThD) (M. (Jim)

0.997 oxa .59.2 98.0 16.4 1.00 32.0

1.000 oxa 59.0 97.6 16.2 0.95 27.2

1.002 oxa 59.9 97.0 16.0 0.89 22.1

0.997 cal 61.4 95.6 14.6 3.9 36.0.*.-

1.000 cal 61.1 96.1 14.8 3.5 33.0

1.002 cal 60.1 96.6 15.5 3.0 29.5

0.987 hyd 44.3 97.9 24.3 0.7 22.1

Theoretical density as in Table I

Milled 12 hours, sintered at 1300*C/I h
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VII. List of Figures

Figure I. SEM photomicrographs (12 kX) of BaTiO 3 powders after dispersion (12 h

milling) showing agglomerate structure and particle size distribution.

A) calcined, B) oxalate, C) hydrothermally derived powders.

Figure 2. High magnification SEM photomicrographs (75 kX) of samples in Figure I

showing details of subagglomerate structure.

Figure 3. SEM photomicrographs of as-fired surface of oxalate derived BaTiO 3

showing effect of stoichiometry on bimodal grain size distribution.

A) Ba:Ti = 0.997, B) Ba:Ti = 1.002

Figure 4. SEN photomicrographs of as-fired surface of oxalate derived BaTiO 3

samples (1300*C/I h) showing detail of grain structures.

A) Ba:Ti = 0.997, B) Ba:Ti = 1.002, C) and D) small grain structure

for A) and B), respectively

Figure 5. SEM photomicrographs of as-fired surface of BaTiO 3 calcined samples

showing effect of stoichiometry on bimodal grain size distribution

(1320*C/I h). A) Ba:TI = 0.997, B) Ba:Ti = 1.002

Figure 6. SEN photomicrographs of hydrothermally derived BaTiO 3 sample showing

bimodal grain distribution (1300'C/I h). A) as fired surface,

B) detail of small grain structure

Figure 7. Effect of stoichiometry and powder synthesis method on grain size and

vol% coarse grains in sintered BaTiO 3.

Figure 8. Comparison of dielectric constant behavior with temperature for

sintered BaTiO samples of Ba:Ti a 0.997.
3 i

Figure 9. Effect of stoichlometry on dielectric constant and tan S as a function

of temperature for oxalate derived BaTiO 3 samples.

Figure 10. Effect of stoichiometry on dielectric constant and tan S as a function

of temperature for calcined BaTiO 3 samples.

I

a*". . . ,"
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Figure 11. Effect of frequency and temperature on dielectric constant and tan S

for hydrothermally derived BaTiO 3 sample.

Figure 12. Effect of DC bias and stoichiometry on percent capacitance change of

sintered BaTiO 3 samples. A) calcined, B) oxalate and hydrothermally

derived precursors.

Figure 13. Effect of DC bias and stolchiometry on dissipation factor of sintered

BaTiO 3 samples prepared from calcined, oxalate and hydrothermally

derived precursors.

S".

* .. *.~\'.' '. .. . . . . ~~**.* .*\-i-

. *-.
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Cr.4

Figure 1. SEM photomicrographs (12 kX) of BaTiO3  odr
after dispersion (12 h milling) shiowing
agglomerate structure and particle size
distribution. A) calcined, B) oxalate,
C) hydrothermal ly derived powders.
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Figure 2. High magnification SEM photomicrographs (75 kX) of
samples in Figure I showing details of
subagglomerate structure.
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Figue 3 SEMphoomicogrphsof a-fied srfae o

Figurederve Bi sowingefce of

stoihioetryon imodl gainsize distribution.
A) Ba:Tl 0.997, B) Ba:Ti 1.002
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Figure 5. SEM photomicrographs of as-fired surface of BaTiO
calcined samples showing effect of stoichiometry3

on bimodal grain size distribution (1320*C/1 h).
A) Ba:Ti =0.997, B) Ba:Ti =1.002

S00
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Figure 6. SEM photomicrographs of hydrothermally derived
BaTiO sample showing bimodal grain distribution
(13 00 C/l h). A) as fired surface, B) detail of
small grain structure
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BaTi0 3 (oxalate) 1300*C/I h 12 h mill
(calcine) 1320*C/I h
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Ba/Ti Ratio

Figure 7. Effect of stoichlometry and powder synthesis
method on grain size and vol% coarse grains in
sintered BaTfO 3.
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Symbol Ba/ Ti Rel. Density130C/
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Figure 9. Effect of stoichiometry on dielectric constant and

tan 8 as a function of temperature for oxalate
derived BaTIO 3 samples.
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I kHz
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Z+ 0.997
I-0 1.000
600 3 1.002

000

0
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Figure 10. Effect of stoichiometry on dielectric constant and
tan 9 as a function of temperature for calcined
BaTiO3 samples.
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A I1kHz
* o 3I~r

10000
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Figure 11. Effect of frequency and temnperature on dielectric
constant and tan S for hydrothermaily derived
BaTfO 3 santplIe.
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Figure 12. Effect of DC bias and stoichionletry on percent
Capacitance change of sintered BaTiO3 samples.
A) calcined, B) oxalate and hydrotheray deie
precursors.
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Figure 13. Effect of DC bias and stoichiometry on dissipation

factor of sintered BaTfO samples prepared from ..
calcined, oxalate and hy~rothermally derived
precursors.
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